Abstract: Ear rot is a serious disease that affects maize yield and grain quality worldwide.
Introduction
Fusarium spp. are among the most important pathogenic fungal communities affecting crops. These fungi can induce serious diseases on roots, stems, leaves, and fruits, resulting in huge economic losses. Maize ear rot caused by Fusarium spp. affects maize production and kernel quality. The disease occurs in many countries; in recent years, it has gradually expanded because of global warming [1] [2] [3] . In addition to causing ear rot and reducing yield, Fusarium spp. produce mycotoxins that are directly synthesized in kernels and accumulated there, hence, seriously threatening the health of both humans and livestock [4] [5] [6] . The most common Fusarium toxins are deoxynivalenol (DON) and the fumonisins. They are very often detected in cereal crops such as maize, wheat, and rice and have drawn wide attention owing to their toxicity and carcinogenicity. In 1973, Fusarium toxin was listed among the 16 research priorities of the World Health Organization and the Food and Agriculture Organization [7] [8] [9] [10] . With improvements in living standards, higher requirements for food safety have been proposed.
Fusarium verticillioides is one of the most common pathogens causing ear rot in maize. This disease is widespread in temperate and semitropical areas, including all European maize-growing areas, A good knowledge of the potential for mycotoxin biosynthesis by fungal isolates from different geographic regions could help to predict the risk of contamination by mycotoxins in the surveyed areas. To date, very little information on chemotypes and the mycotoxin-producing capacity of the main pathogenic Fusarium spp. causing maize ear rot in China has been reported. In the research documented here, samples were collected from the main maize producing areas experiencing frequent ear rot; pathogenic Fusarium spp. were then isolated and identified. Mycotoxin chemotypes and their production were examined. The aim was to determine the pathogenic species of Fusarium causing maize ear rot in China, as well as the main mycotoxin chemotypes and their production capacity.
Results

Identification of Fusarium spp.
According to morphological and molecular findings, 160 tested maize seed samples, accounting for 66.9% of total samples, were infected by Fusarium spp. and most of them were F. verticillioides and FGSC. 82 F. verticillioides isolates with the specific amplicon of 578 bp size were obtained from 82 samples (51.3%) at 67 places in 18 provinces, whereas FGSC was isolated from 70 samples (43.8%) at 66 places in 17 provinces. In addition, F. culmorum, F. oxysporum, F. proliferatum, F. subglutinans, and F. solani clades were isolated from three (1.9%), two (1.3%), one (0.6%), one (0.6%), and one (0.6%) sample, respectively ( Figure 1 ). Sequencing of the TEF-1α gene of 78 FGSC isolates and alignment with BLAST in the Fusarium Center's database showed 99% to 100% homology between the tested FGSC and standard reference strains in this database. A total of 42 isolates-such as FG-029, FG-30, FG-043, FG-103 and others-exhibited 99% to 100% homology with F. graminearum sensu stricto (AJ543588.1), while the other 20 isolates (e.g., FG-015, FG-020, FG-100, FG-130, and the like) showed 99% to 100% homology with F. meridionale (AF212436.1). In addition, 16 isolates (e.g., FG-010, FG-057, and FG-094) expressed 100% homology with F. boothii (AF212444.1). The phylogenetic tree of some FGSC based on TEF-1α gene sequences confirmed Fusarium species. The tree topologies of the TEF-1α gene sequences showed the classification of FGSC into three distinct clades and the support values for these clades were high (no lower than 90% bootstrap value; BP) ( Figure 2 ). These results demonstrated that the FGSC causing maize ear rot in China is mainly F. graminearum, which accounted for 53.8% of the total FGSC and was widely distributed in northern and southern maize-producing regions. The second main lineage was F. meridionale, accounting for 25.6% of total FGSC. This lineage was isolated only from Yunnan, Guizhou, and southern Shaanxi provinces. A total of 16 isolates showed 100% homology with F. boothii, accounting for 20.5% of the total; these were discovered in northern areas of China (e.g., Inner Mongolia, Jilin, Hebei, Shanxi, and Beijing). Sequencing of the TEF-1α gene of 78 FGSC isolates and alignment with BLAST in the Fusarium Center's database showed 99% to 100% homology between the tested FGSC and standard reference strains in this database. A total of 42 isolates-such as FG-029, FG-30, FG-043, FG-103 and othersexhibited 99% to 100% homology with F. graminearum sensu stricto (AJ543588.1), while the other 20 isolates (e.g., FG-015, FG-020, FG-100, FG-130, and the like) showed 99% to 100% homology with F. meridionale (AF212436.1). In addition, 16 isolates (e.g., FG-010, FG-057, and FG-094) expressed 100% homology with F. boothii (AF212444.1). The phylogenetic tree of some FGSC based on TEF-1α gene sequences confirmed Fusarium species. The tree topologies of the TEF-1α gene sequences showed the classification of FGSC into three distinct clades and the support values for these clades were high (no lower than 90% bootstrap value; BP) ( Figure 2 ). These results demonstrated that the FGSC causing maize ear rot in China is mainly F. graminearum, which accounted for 53.8% of the total FGSC and was widely distributed in northern and southern maize-producing regions. The second main lineage was F. meridionale, accounting for 25.6% of total FGSC. This lineage was isolated only from Yunnan, Guizhou, and southern Shaanxi provinces. A total of 16 isolates showed 100% homology with F. boothii, accounting for 20.5% of the total; these were discovered in northern areas of China (e.g., Inner Mongolia, Jilin, Hebei, Shanxi, and Beijing). 
Detection of Toxigenic Genes and Chemotypes
FUM1 was detected in 82 F. verticillioides isolates, thus indicating that these isolates can potentially synthesize FBs. 
FUM1 was detected in 82 F. verticillioides isolates, thus indicating that these isolates can potentially synthesize FBs. Three different mycotoxin chemotypes were detected from 78 isolates in FGSC. In all, 60 isolates with the specific 583-bp amplified fragments were 15-ADON, while 16 isolates producing the specific 859-bp amplified fragments were NIV. In addition, 583-and 859-bp amplified fragments produced by two isolates simultaneously were 15-ADON and NIV.
According to the molecular identification of NIV, 15-ADON, and 3-ADON of FGSC, 62 FGSC isolates collected from Beijing, Hebei, Liaoning, Jilin, Heilongjiang, Inner Mongolia, Henan, Shandong, Anhui, Ningxia, and Gansu were detected with only 15-ADON. Those in Guizhou were detected with only NIV. Both 15-ADON-and NIV-producing isolates were detected in samples from Shaanxi Province. Samples collected in Shaanxi Province had the most mycotoxin types. Isolates from northern Shaanxi had two main mycotoxin types, but 15-ADON was dominant in isolates from Guanzhong and northern Shaanxi Province. All 16 independent NIV isolates were identified as F. meridionale and mainly originated from Southwestern China. The two isolates containing specific 15-ADON-and NIV-producing segments were from southern Shaanxi.
Detection of Toxigenic Capacity
The results of FB detection with immunoafinity chromatography purification-HPLC and DON and ZEN assays based on UPLC-MS/MS agreed with the molecular identification of key mycotoxin-producing genes.
A fumonisin assay showed that the mycotoxin-producing capacity of F. verticillioides isolates from different regions varied greatly and that FB 1 (Table 1) .
Among FGSC, 15-ADON was detected in 68 isolates, showing a mycotoxin production range of 5.43 to 81,539.49 µg/g of dry hyphal weight. Among 10 isolates producing no 15-ADON, eight were F. meridionale, which produced NIV according to molecular identification; they were mainly distributed in Hubei, Sichuan, and Bijie of Guizhou. A total of 22 isolates had a low mycotoxin-producing capacity (ď1000 µg/g of dry hyphal weight). Among these 22 isolates, 12 were F. meridionale, including 11 NIV isolates from Guizhou, Yunnan, and Shangluo in southern Shaanxi Province. A total of 26 isolates had a moderate mycotoxin-producing capacity (from 1001 to 10,000 µg/g of dry hyphal weight). All of these were F. graminearum and F. boothii. Meanwhile 20 isolates had a high mycotoxin-producing capacity (>10,000 µg/g of hypha), all of which were F. graminearum and F. boothii (Table 2) . 3-ADON was detected in 65 isolates, which showed a mycotoxin-producing capacity ranging from 6.04 to 19,590.61 µg/g of dry hyphal weight. Among 13 isolates producing no 3-ADON, 10 were F. meridionale and eight were NIV-producing isolates. They were all distributed in Hubei, Sichuan, Guizhou, and Yunnan. A total of 23 isolates had a low mycotoxin-producing capacity (ď1000 µg/g of hypha), including 10 F. meridionale isolates, while 39 isolates had a moderate mycotoxin-producing capacity (1001-10,000 µg/g of dry hyphal weight), including 27 F. graminearum and 12 F. boothii isolates. Three isolates with a high mycotoxin-producing capacity (>10,000 µg/g of dry hyphal weight) were F. graminearum.
DON was detected in 51 isolates, which showed a mycotoxin-producing range of 13.35 to 19,795.33 µg/g of dry hyphal weight. A total of 27 isolates, including 21 F. meridionale, 4 F. graminearum, and two F. boothii isolates, did not produce DON. A total of 16 isolates had a low mycotoxin-producing capacity (ď1000 µg/g of hypha), whereas 31 isolates had a moderate mycotoxin-producing capacity (1001-10,000 µg/g of dry hyphal weight), including 20 F. graminearum and 11 F. boothii isolates. Meanwhile, four F. graminearum isolates had a high mycotoxin-producing capacity (>10,000 µg/g of dry hyphal weight) ( Table 2) .
ZEN was detected in 24 isolates, which showed a mycotoxin-producing capacity varying from 1.77 to 430.24 µg/g of dry hyphal weight. Of these isolates, 13 were F. graminearum, nine were F. boothii, and two were F. meridionale. However, 54 isolates did not produce ZEN (Table 2) .
Overall, F. graminearum had the highest mycotoxin-producing capacity, followed by F. boothii and F. meridionale successively in the laboratory. F. graminearum and F. boothii isolates with a high mycotoxin producing capacity were distributed mainly in Northern China.
Isolates with different chemotypes produced different amounts of mycotoxin. According to molecular identification and mycotoxin assay, 15-ADON-producing isolates produced more 15-ADON than DON and 3-ADON. None of the 18 isolates carrying NIV-specific segment produced any DON and 16 of them did nor ZEN. Most NIV-producing isolates produced more 3-ADON than 15-ADON. Also, the isolates carrying both 15-ADON and NIV chemotype-specific segments produced more 3-ADON than 15-ADON ( Table 2) . As a result, the isolates with NIV chemotype-specific segments likely pose a greater risk to maize crops as well as to humans and livestock because 3-ADON is more toxic than 15-ADON.
Discussion
Many pathogenic Fusarium spp. can be found causing maize ear rot in China, but the majority of isolates are determined to be F. verticillioides and FGSC. According to the frequency of the isolation of these species from different regions, maize ear rot is most commonly caused by F. verticillioides, followed by FGSC. This result is similar to that reported by other previous studies of the predominant pathogens causing ear rot in China, but compared with the regional research, there are also differences [12, 13, 40] .
Maize samples infected by F. verticillioides are often contaminated with FBs. With regard to the levels of fumonisins produced by the isolates, three of 82 isolates (0.037%) were unable to produce fumonisins, indicating the presence of phenotypic variability among the F. verticillioides isolates. Interestingly, FUM1, a key gene responsible for FB biosynthesis, was detected in all 82 isolates. This result was similar to that of previous studies. Sanchèz-Rangel et al. reported that some isolates of F. verticillioides from maize in Mexico possessed the FUM1 gene but did not produce fumonisins [41] . Several F. verticillioides isolates from Italy also carried the FUM1 gene but did not produce fumonisins [3] . These phenotypes could be explained by a mutation in the FUM cluster or by altered expression of the FUM genes.
In this study, the toxigenic capacity of isolates from different regions varied, indicating that under conditions of laboratory incubation the mycotoxin chemotype and toxigenic capacity of F. verticillioides may not be correlated with its region of origin. Actually, in addition to the particular isolate, mycotoxin synthesis in plants also depends heavily on environment (temperature, humidity, pH, and lighting) as well as crop rations in the field. Therefore, mycotoxin production in the laboratory primarily represents toxigenic potentiality.
The FGSC can cause various gramineous crops diseases and leads to a reduction in crop yield and quality. In recent years, a total of 16 species in FGSC have been identified [42] [43] [44] . In the present study, three species lineages were found in the FGSC isolates collected mainly from Northeast China, Huang-Huai-Hai region, and Southwest China, regions in which the environments vary greatly.
In the present study, a total of 3 toxigenic chemotypes produced by FGSC were detected and DON was the main one. All F. graminearum and F. boothii isolates were 15-ADON-producing isolates, but F. meridionale produced one or more isolates of 15-ADON, NIV, and 3-ADON, which indicated that lineage or species was related to the mycotoxin chemotype to a certain extent. The genetic identification (molecular identification) of 10 isolates disagreed with the UHPLC assay: four were 15-ADON isolates (FG039, FG147, FG151, and FG152 ) and six were NIV isolates (FG017, FG140, FG142,  FG143, FG145, and FG146) . No mycotoxin had been detected by UHPLC in these isolates. In addition, based on the UHPLC quantitative assay of mycotoxin production, some amount of DON, 3-ADON, or ZEN was detected in 15-ADON-producing isolates and some 15-ADON or 3-ADON was detected in NIV-producing isolates. This outcome may be related to the expression and regulation of the toxin gene.
In the present study, 15-ADON-producing isolates generated more 15-ADON than 3-ADON, whereas NIV-type isolates generated more 3-ADON than 15-ADON, which may be related to the prior expression of a certain mycotoxin. Some DON-producing isolates coproduced a certain amount of NIV, as observed by Sugiura et al. [45] .The mycotoxin production varied greatly among isolates from different regions. The occurrence of Fusarium spp. isolates with strong toxicity or high mycotoxin production should be given particular attention. Furthermore, two isolates were found to carry both DON and NIV chemotype-specific segments, possibly resulting from recombination between the two chemotypes. Kim et al. reported that a F. graminearum isolate (A18) from corn generated a chimeric pattern containing features of both DON-specific and NIV-specific sequences [46] , which was similar to FG102 and FG105. With regard to the isolates carrying diverse chemotype-specific regions, special care must be taken, since these isolates have the potential to produce a variety of mycotoxins.
In summary, F. verticillioides and FGSC were the predominant fungi causing maize ear rot in China and the latter contained F. graminearum, F. meridionale, and F. boothii. Most of the F. verticillioides isolates mainly produced highly toxic fumonisin B 1 . The analysis of the current Fusarium chemotypes showed that trichothecene genotype was 15-ADON in all F. graminearum and F. boothii isolates. The prevalent chemotype was NIV (76.2%), followed by 15-ADON (14.3%) and NIV + 15-ADON (9.5%) in F. meridionale. The toxogenic capacity of F. graminearum and F. boothii was higher than that of F. meridionale.
Materials and Methods
Sample Collection and Isolation
A total of 239 samples of maize ears or kernels showing ear rot (five affected maize ears or 500 g kernels for each sample) were collected from 110 counties and districts of 18 provinces in China between 2009 and 2014 (Table 3 ). All samples were collected from different villages or fields of different towns, counties (districts), cities, and provinces (municipalities). Approximately 20 seeds collected from the boundary between maize ear rot regions and healthy regions or 90 seeds (30 seeds for each petri dish) from 500 g of kernels sample were soaked in 20% sodium hypochlorite solution for three minutes and rinsed with sterile water three times. These seeds were dried with sterilized filter paper and placed on a poor-nutrient potato dextrose agar (half-PDA) (potato infusion 100 g, dextrose 20 g, agar 20 g, distilled water 1000 mL) plate to culture for three days at 25˝C. Hyphae or colonies on half-PDA with the morphological characteristics of Fusarium were transferred to fresh media and the culture was subsequently purified for 5 to 7 days. Hyphae were inoculated onto Spezieller Nährstoffarmer Agar (SNA) medium and incubated for seven days [47] . After conidia were generated, a single spore was isolated on SNA medium by the plate dilution method. Finally, the single spore was transplanted onto a half-PDA plate to culture single-spore isolates. 
Identification of Pathogenic Fungi
The morphological identification of fungal cultures was conducted based on conidial morphology [47] . Subsequently, in order to confirm the morphological identification, all isolates were validated by species-specific PCR identification.
Mycelia were harvested by filtration through a filtering cloth, freeze-dried for 24 h, and then stored at´80˝C. The total genomic DNA of isolates was extracted from the mycelium, as described by Liu et al. [48] . Molecular identification was based on specific primers of different Fusarium spp. Primer sequences are listed in Table 4 . The polymerase chain reaction (PCR) was carried out in a 20.0-µL receptacle containing 10 mM Tris-HCl pH 8.3, 50 mM KCl, 1.5 mM MgCl 2 , 0.5 mM of each dNTP, 2.0 µM of each primer, 1.0 U Taq polymerase (Dingguo, Beijing, China), and 50 ng of DNA template. Reactions were performed using a GeneAmp PCR System 9700 thermal cycler (ABI, Norwalk, CT, USA) programmed for 94˝C for 4 min; followed by 35 cycles of 94˝C 40 s, 57˝C 40 s (56˝C for F. verticillioides), and 72˝C 40 s; and a final extension at 72˝C for 10 min. The translation elongation factor (TEF)-1α gene sequences of FGSC isolates was analyzed. Isolates that had been determined as FGSC were further identified by the sequences of the TEF-1α gene, with primers of EF-1 (5 1 -ATGGGTAAGGARGACAAGAC-3 1 ) and EF-2 (5 1 -GGARGTACCAGTSATCATGTT-3 1 ) [53] . FGSC isolates were amplified at a 50.0-µL reaction system containing 10 mM Tris-HCl pH 8.3, 50 mM KCl, 1.5 mM MgCl 2 , 0.5 mM of each dNTP, 2.0 µM of each primer, 1.0 U Taq polymerase, and 50 ng of DNA template. PCR was performed using the following parameters: 94˝C for 4 min; followed by 35 cycles of 94˝C 30 s, 53˝C 30 s, and 72˝C for 1 min, and a final extension at 72˝C for 10 min. To determine Fusarium species in FGSC, the sequences of the TEF-1α gene were compared with Fusarium sequences in the Fusarium Center's database at Penn State [54] . Three standard strains were used as references to carry on homology BLAST (Table 5) .
Furthermore, using MEGA 5.0 software (ASU, Phoenix, Az, USA, 2011), a phylogenetic tree was constructed using the ML (Test Maximum Likelihood Tree) clustering method based on the TEF-1α gene sequences of FGSC isolates and standard reference strains ( Figure S1 ) and the bootstrap analysis was performed with 1000 replicates for statistical support of branches [55] . 
Molecular Identification of Toxigenic Genes
Based on the molecular identification of all F. verticillioides isolates, the key gene FUM1 responsible for FB biosynthesis was detected by using the specific primers Fum5F (5 1 -GTCGAG TTGTTGACCACTGCG -3 1 ) and Fum5R (5 1 -CGTATCGTCAGCATGATGTAGC -3 1 ) [49] . The PCR reaction was performed in a 20.0-µL receptacle containing 10 mM Tris-HCl pH 8.3, 50 mM KCl, 1.5 mM MgCl 2 , 0.5 mM of each dNTP, 2.0 µM of each primer, 1.0 U Taq polymerase, and 50 ng of DNA template. Reactions were programmed for 94˝C for 4 min; followed by 35 cycles of 94˝C 40 s, 60˝C 40 s, and 72˝C 1 min; and a final extension was performed at 72˝C for 10 min.
A mycotoxin-producing gene Tri13 of FGSC was detected with primer Tri13P1/2. Primer sequences were TRi13P1 (5 1 -CTCSACCGCATCGAAGASTCTC-3 1 ) and Tri13P2 (5 1 -GAASGTCGCARGACCTTG TTTC-3 1 ). The PCR system and program were the same as above except for the annealing temperature of 58˝C. The amplified fragments of isolates producing NIV, 3-ADON, and 15-ADON were 859, 644, and 583 bp, respectively [56] .
HPLC Detection of Mycotoxin Production
Equivalent Fusarium spp. were cut from half-PDA and placed in a sterilized conical flask with 150 mL of potato dextrose broth (PDB). Three flasks for each fungal isolate were inoculated. F. graminearum was grown in a 15-day shaking culture (120 rpm) in PDB with pH 3.0 at 25˝C. F. verticillioides was grown in a 15-day static culture in PDB with pH 8.0 at 25˝C [3, 36] . The culture medium was filtered through Whatman GF/A glass fiber filter paper; filtrate was then stored at 80˝C or sterilized under high pressure. Hyphae were collected, dried, and weighed. DON and ZEN production of FGSC was tested by UHPLC-quadrupole mass spectrometry. Samples were extracted by 80% acetonitrile water solution, purified via a multifunction decontamination column, isolated via a Waters ACQUITY UPLCTMBEH C 18 chromatographic column, tested by multireaction ion monitoring of quadrupole mass spectrometry, and quantified by an external standard method [38] . The FBs production capacity of F. verticillioides was tested by immunoaffinity column purification/HPLC. The samples were purified with an immunoaffinity column to collect eluent. The eluent was dried with nitrogen and dissolved in 1.5 mL of 80% methanol solution. FBs were tested through a C 18 reverse-phase liquid chromatography/fluorescence detector after o-phthaldialdehyde (OPA) derivation and quantified via an external standard method [36] . Statistical analysis was performed with SPSS10.0 software (SPSS Inc., Chicago, IL, USA, 2007).
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